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Bulk States Confinement as a Long Range Sensor for Impurities 
and a Quantum Information Transfer Channel 

O. Brovko/ P. A. Ignatiev/ and V. S. Stepanyuk^ 

^ Max- Planck- Institut fiir Mikrostrukturphysik, Weinberg 2, D06120 Halle, Germany 

(Dated: 23 November 2010) 

We show that confinement of bulk electrons can be observed at low-dimensional surface struc- 
tures and can serve as a long range sensor for the magnetism and electronic properties of single 
impurities or as a quantum information transfer channel with large coherence lengths. Our ab-initio 
calculations reveal oscillations of electron density in magnetic chains on metallic surfaces and help 
to unambiguously identify the electrons involved as bulk electrons. We furthermore discuss a pos- 
sibility to utilize bulk states confinement to transfer quantum information, encoded in an atom's 
species or spin, across distances of several nanometers with high efficiency. 
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Doubtless one of the most popular research highlights 
of the past two decades has been the topic of quantum 
information and the inseparably linked questions of its 
storage and transportation.^ This trend has lead not only 
to attempts of miniaturizing classical circuitry to the 
level of single- atom resolution^ but also to the birth of 
spintronics'^ . The latter has, in turn, stimulated research 
in metal^, semiconductor—, organio^ and nanostructured 
material^ systems aiming at utilizing atomic spins for 
quantum information storage. The transfer of quantum 
information (QIT), however, turned out to be a more 
challenging task. Since most prospective nanoscale in- 
formation storage systems (molecules or magnetic nanos- 
tructures) are surface based, one needs an effective means 
of transporting information over the surface of a metal or 
semiconductor. In terms of a quantum system this means 
creating entanglement between the states of "sending" 
and "receiving" storage elements. In the case of spin- 
tronics one has to somehow couple the spins of single 
storage units. It has been shown that one way to achieve 
such entanglement (or plainly said - interaction) is to 
use the surface state (SS)^ - a state formed by electrons 
trapped between the repulsive vacuum potential at the 
surface and the projected bulk band gap. A major fea- 
ture of those electrons is their free-electron-like behavior* 
in the plane of the surface. Localized potentials of sur- 
face impurities and structures can scatter SS electrons^ 
and even confine them to closed geometrie&iS*^. The 
large wave length of the SS and its weak coupling to 
the underlying bulk result in a large spatial coherence 
of SS electrons, allowing them to serve as mediators for 
the interatomic impurity interaction across distances of 
several nanometers.!^ For example, it has been shown 
that by carefully constructing a confining structure (an 
elliptic corral) one can use SS electrons to coherently 
project the electronic structure of a single adatom to a 
remote location on the surface^ ^. However construct- 
ing complex artificial structures is a demanding task and 
the ability to support a surface state is not a common- 
place feature among metallic and semiconductor surfaces. 
An obvious thing to do would be to switch from sur- 
face to bulk electrons for the mediation of interactions. 



Bulk states confinement is already very well known as 
the cause of interlayer exchange coupling and the giant 
magnetoresistance.^"^ Unfortunately bulk electrons have 
shorter coherence lengths due to the scattering at atomic 
cores and can propagate effectively only along certain di- 
rections determined by the geometry of the Fermi surface 
(see, f.e. Refs. [Tsl and [T^. Quite recently experiments 
by Didiot and coworkersi^ have shown that bulk states 
can indeed exhibit electronic behavior very similar to the 
one observed for surface electrons. They have observed 
lateral confinement of bulk electrons in artificial and nat- 
ural structures at Au(lll) surfaces. This newly gained 
realization brings with it an obvious question whether 
bulk states confinement at surfaces can be put to use in 
a field of quantum information transfer as it was hinted 
for surface states by Abajo et al}^ 

The results of Didiot et al}^ on the confinement of bulk 
electrons at surface structures have shown that such con- 
finement is principally possible. However, to apply this 
concept to QIT one has find a way to precisely channel 
the confinement to allow directed information transfer. 
To achieve this goal one could turn to one of the most 
popular prototype systems in QIT and the most natu- 
ral analogue of a classical wire - a magnetic quantum 
spin chain^®. In such a system an information quantum 
(a qubit) can be encoded in the spin state of a certain 
chain unit. Such chains attract continuous attention due 
to their rich quantum state entanglement features. The 
physical realization of the chain can be very different: 
coupled nanocavitiesii, cold atoms in optical latticesi^, 
arrays of quantum dots, etc. However, in most cases en- 
tanglement is accomplished by the local interaction of 
nearest neighbor spins-^ which brings with itself a dis- 
advantage of either a fast loss of fidelity with increasing 
chain lengtbiS or of extremely complicated requirements 
to the coupling inhomogeneity.^^ In the present paper we 
show, that low dimensional surface structures, e.g. linear 
monoatomic metallic spin-chains on metal surfaces, can 
serve as a vessel for the directional confinement of bulk 
states, which in turn can provide the quantum entangle- 
ment of individual chain elements, necessary for the QIT, 
at distances in the nanometer range. 
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As a tool for studying the confinement in low- 
dimensional surface structures we have used a code 
based on Korringa-Kohn-Rostoker (KKR) Green's func- 
tion method in atomic spheres approximation. This 
method is described in detail in numerous publications^. 
Here we will only mention that in our calculations we 
have made use of the local spin density and atomic 
spheres approximations. The KKR method has proven 
itself to be highly suitable for electron propagation and 
confinement calculations 

First of all, let us investigate, whether bulk states con- 
finement can indeed be observed in low-dimensional sur- 
face structures. We consider metallic chains on a metallic 
surfaces as a model system (as a particular example we 
take a Co chain 35 A in length on a Cu(lll) surface). 
Such systems can be reliably constructed experimentally 
either by single-atom-manipulatio n^^i^^ or by utilizing 
the self-assembly capabilities of e.g. stepped surfaces;^ 
Besides, monoatomic chains are known to exhibit collec- 
tive spin excitation behavior— and can coherently chan- 
nel excited electrona^^^ and enhance the interatomic in- 
teraction at large separations^. This is a good starting 
point for any investigation of quantum entanglement. 

The easiest way to detect electron confinement is to 
study the spatially resolved electron density variation in 
the system. As we are talking of distances of the order 
of several nanometer we can safely assume that only sp 
electrons are enough delocalized to actively participate 
in the confinement. In Fig. [T] we plot the local density of 
sp electronic states (sp-LDOS) of each atom in the chain 
as a function of energy and the number of atom in the 
chain. To produce the map, the LDOS has been evalu- 
ated at each atomic sphere along the chain and then lin- 
early interpolated in between the atomic positions. The 
first thing that catches the eye is the presence of mul- 
tiple regions where pronounced oscillation of the LDOS 
at a certain energy can be observed along the chain that 
cannot be expected to exist at either a clean surface or 
an infinite monatomic wire. This signifies that electrons 
responsible for the periodic density variation have coher- 
ence lengths exceeding the double length of the chain and 
that they are scattered and confined by the chain poten- 
tial. We can witness quantum confinement of electrons 
at one-dimensional surface structures. Carefully study- 
ing the LDOS map in Fig. [T] we can observe different 
oscillation modes of the chain. For example, at —1.86, 
— 1.68 and —1.38 eV there are unmistakable oscillation 
with a period of about 5.3, 6.1 and 7.3 A respectively 
(marked by A, B and C on the graphics). Similarly pro- 
nounced oscillations can be found at —0.12, —0.28 and 
—0.43 eV (D,E and F, respectively). This is, however, 
by far not a complete list of existing modes. There are 
doubtless modes with longer wavelengths present, yet the 
limitation of the chain length prevents them from being 
clearly discernable just by studying the atom resolved 
LDOS. 

To get a quantitative picture of the modes present in 
the chain we do a ID Fourier transform of the LDOS map 



(Fig. [T|d). The low- frequency part of the spectrum {k < 

0.4 A ) can not be considered meaningful, as the length 
of the chain is limited and the lowest wavevector we can 
reliably detect is about kmin = t^/L chain « 0.1 A , 
where Lchain = 38.4 A is the effective length of the 
chain. Moreover, the edge effects in the chain (reduced 
electron density and edge states) manifest themselves in 
the spectrum as low-frequency inclusions, thus we will 
concentrate on the higher frequencies fc G [0.4; 1.4] A 
to analyze the electronic confinement. Indeed, starting 
from 0.37 A the background of the spectrum ebbs away 
and only pronounced equidistantly spaced peaks remain. 
The period of observed peaks, determined from the spac- 
ing of the peaks is Ak = 0.164 ± 0.004 A . In terms 
of a particle-in-a-box model this corresponds to a "box- 
length" of Leff — 38.3 A which is almost exactly the 
extent of the chain mentioned above. The eigenfrequen- 
cies of a particle in such a box are marked in Fig. [T|d 
by vertical dashed lines. Careful observation yields two 
important conclusions. For one, at each eigenfrequency 
confinement can be observed for electrons with certain 
energies, which reflects the underlying band structure of 
the system. However, while the spectrum maxima in the 
energy regions below —1.0 eV and above —0.3 eV match 
the eigenfrequencies extremely well, the peaks in the en- 
ergy range between —0.3 and —1.0 eV seem to be slightly 
shifted to higher frequencies. To understand the physics 
behind this seeming discrepancy and at the same time 
determine the affiliation of the electrons participation in 
the confinement we take a look at the band structure of 
the surface on which our chain resides. A spectral density 
map (SDM) of sp electrons with an in-plane k vector (fc||) 
aligned along the F — K direction of a Cu(lll) surface is 
presented in Fig. [1];. 

The question of the origin of electrons participating 
in the confinement is quite easily solved if we consider 
that the Cu surface state is represented by a parabolic 
band starting from —0.45 eV upwards for Cu(lll) and 
with fc|| momenta not exceeding the Fermi wave vector 

/c^" « 0.23 A^ (upper left corner of Fig. [TJ;). The re- 
maining part of the SDM reflects a projection of a Cu 
bulk band structure onto a (111) surface of the crystal. 
If one compares the band structure of the surface with 
the Fourier spectrum of the oscillations we observe in 
the Co chain it immediately becomes clear that most of 
the confinement must be attributed to either the bulk 
states resonance scattering and confinement in surface 
structures or to the confinement of the chain's own sp 
electrons. To hold apart the latter two we can com- 
pare the maxima of the space resolved LDOS spectrum 
in Fig.[T|D with the SDM in Fig.[T];. As an example, let us 
take the most pronounced oscillations we could identify 
in the atom resolved LDOS map (Fig.[l^). The spectral 
maxima corresponding to those oscillations are marked 
by red circles and corresponding letters in Fig. [Hd. If 
we now project those maxima onto the spectral density 
map, we can conclude that the maxima A and B clearly 
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FIG. 1. (color) a) Local density of sp electronic states of each atom in the chain as a function of energy and the number of 
atom in the chain. To produce the map, the LDOS has been evaluated at each atomic sphere along the chain and then linearly 
interpolated in between the atomic positions to produce a smooth map for clearer presentation. Arrows and letters mark the 
most pronounced oscillations, b) ID Fourier transform of the LDOS map. Circles and arrows mark the peaks corresponding 
to the oscillations marked in Fig. [1^ by arrows, c) In-plane momentum resolved electron density map for the Cu(lll) surface. 
Arrows and letters are marking the positions of peaks in Fig. [T]d 



coincide with the maximum intensity areas of a surface 
projected band of p character at the wave vector prede- 
fined by the eigenmode of the chain. They can be thus 
attributed to the bulk states confinement and resonance 
scattering. The same cannot be said about the maxima 
C and D as they seem to he in regions where the SDM 
is mostly featureless and cannot account for the energy 
selection. Those peaks can thus be attributed to the con- 
finement of the chain's own sp-electrons or the electrons 
selectively scattered into the chain due to the coupling 
of the chain, as a ID quantum system to the bulk states 
continuum. The peaks E and F are a continuation of the 
riddle of shifted peak positions. As is seen from Fig. [TJd 
they both seem to belong to the mode with a wave vector 

of 1.19 A , yet the peak at —0.45 eV is unmistakably 
shifted towards higher frequencies by about 0.01 A 
The origin of that is to be sought in the kind of electrons 
constituting the peaks. Our calculation show, that re- 
gion of the SDM contained between —0.3 and —1.0 eV is 
dominated by the s band of the Cu(lll) surface, while 
the remaining part of the SDM is mostly composed by p 
electrons. Since s and p electrons obtain different scat- 
tering phases at the potential boundary, they also have 
different confinement lengths and are subject to different 
eigenmodes. Another confirmation for that can be found 
in the fact, that in Fig. [T^ oscillations marked E and F 
display virtually the same periodicity but have phases 
differing by tt/2. 

Up to now we have not made any differentiation be- 
tween electrons of different spin. Yet the LDOS of the 
chain is highly polarized. The majority band is centered 
around —1.5 eV and extends up to —1.0 eV. The mi- 
nority band is located close to the Fermi energy and 



reaches down to energies of about —0.8 eV. Those re- 
gions exactly coincide with the regions of most effective 
confinement. Indeed, analysis of spin-polarization shows 
that oscillations seen in Fig. [T^ below —1.0 eV are pre- 
dominantly of majority character while the upper energy 
range {E — Ep > —0.8 eV) is mainly minority. 

The properties of a chain described above are a fair 
starting point for possible applications in the field of 
quantum information storage and transfer. In the re- 
maining part of the Letter we would like to discuss a 
possible example of such an application - transfer of mag- 
netically encoded information using the confinement of 
bulk states in a ID Co chain on a Cu(lll) surface. To 
avoid misunderstanding we would like to mention from 
the start, that we use the term information transfer in the 
spirit of the works by Manoharan and coworker&ii. The 
information transfer scheme we propose is quite simple. 
The information can be encoded in the spin orientation 
of the edge atom and is then read out at a certain point 
of the chain. To achieve that we will use the fact that 
confinement can be manipulated by changing the bound- 
ary conditions for the confined electrons. In case of a 
one-dimensional chain this would mean changing the po- 
tential terminating the chain. This can be achieved in 
several ways. One way would be to change the atom 
terminating the chain. Let us focus first on the central 
atom of the chain (thus eliminating the possibility of in- 
terference of edge effects) and see how the its sp LDOS 
would change if we replace one of the edge Co atoms with, 
say, chromium (see the sketch at the top of Fig. [2]) . The 
sp-LDOS of the middle Co atom in a homogeneous Co 
chain is shown in Fig.[2]by a solid black curve. If we now 
replace one of the edge Co atoms by a Cr, coupled ferro- 
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FIG. 2. (color online) The local density of sp-electrons at 
the central chain atom for a ferromagnetic Co chain (solid 
black curves), a Co chain with the edge atom replaces by 
Cr, ferromagnetically (red long dash) or antiferromagnetically 
(blue short dash) coupled to the rest of the chain. The local 
density of p-electrons at the edge chain atom for a Co chain 
with the opposite-edge atom replaces by Cr, ferromagnetically 
(red dash-dot-dot) or antiferromagnetically (blue short dash- 
dot) coupled to the rest of the chain. 



magnetically to the rest of the chain, we would find that 
the LDOS of the central Co adatom has changed and now 
looks like as shown by the red long-dashed curve. One 
can observe clear peak shifts caused by the change in the 
boundary conditions which means, that the LDOS of the 
central atom of a an over 3 nm long chain is sensitive 



to the changes introduced at the chain's edges. Further- 
more, knowing that the confinement is spin-sensitive, we 
can now reverse the spin direction of the Cr and look for 
further changes in the confinement. The LDOS of the 
central adatom for such a case (when Cr is coupled an- 
tiferromagnetically to the rest of the chain) is presented 
by the blue short-dashed curve in Fig. [5] The peaks 
have once again shifted their positions indicating, that 
ID confinement in a magnetic chain is indeed very much 
spin sensitive. 

To verify that the effects described above are not 
unique to the central atom of the chain, we present in 
Fig. [2] two additional curves (red dash-dot-dotted and 
blue dash-dotted) representing the sjj-LDOS of the edge 
Co atom in a 15-atomic chain terminated at the opposite 
end by a Cr coupled ferromagnetically (respectively an- 
tiferromagnetically) to the rest of the chain. One can see 
that even here, the peak shifts caused by a spin-flip at 
the other end of the chain are clearly discernable. This 
proves that the information about the spin state of the 
edge atom can be transferred to a remote location coher- 
ently and with high fidelity. 

We can thus summarize that bulk states confinement 
has been shown to exist in one-dimensional mono-atomic 
metallic spin-chains on metallic surfaces. It manifest it- 
self as standing waves of the electron density with wave 
vectors predefined by the eigenmodes of the chain and 
can be sensed at all points of the chain. It is, more- 
over, highly sensitive to changes in boundary conditions 
which allows one to register the change in electronic and 
magnetic properties of single atoms of the chain across 
distances of at least several nanometers. We believe that 
observing this phenomenon experimentally is quite feasi- 
ble with modern state-of-the-art experimental techniques 
(STM, AFM) and may prove to be an interesting and re- 
warding challenge. 
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